Abstract: In-fiber polarimeters or polarization mode interferometers (PMIs) are fabricated by cascading two CO2-laser-induced in-fiber polarizers along a piece of hollow-core photonic bandgap fiber. Since the two interfering beams are the orthogonal polarizations of the fundamental mode, which are tightly confined to the core and have much lower loss than higher order modes, the PMIs can have either short (e.g., a few millimeters) or long (tens of meters or longer) device length without significantly changing the fringe contrast and hence provide design flexibility for applications required different device lengths. As examples of potential applications, the PMIs have been experimentally demonstrated for wavelength-dependent group birefringence measurement; and for strain, temperature and torsion sensors. The PMI sensors are quite sensitive to strain but relatively insensitive to temperature as compared with fiber Bragg grating sensors. The PMIs function as good directional torsion sensors that can determine the rate and direction of twist at the same time. 
Introduction
In-fiber interferometers based on the interference of different modes/polarizations have been a subject of continuous interest due to their potential applications as multi-wavelength combfilters and sensors for multi-parameter measurement [1] [2] [3] [4] [5] . As compared with the traditional two-fiber interferometers [6] , the in-fiber devices based on a single fiber has the advantage of compactness, common mode noise reduction, and easiness for embedding into materials for smart structure applications [7] . Early works used dual mode elliptical fibers and the interference between the two lowest order LP modes or between different polarizations of the two modes were exploited for simultaneous strain and temperature measurement [1, [3] [4] [5] . The mode coupling/splitting for these interferometers was realized by off-set alignments or the use of mode splitters [2] ; however, fabrication of the in-fiber devices realizing mode splitting/polarizing is not straightforward and need complex polishing, alignment and/or metal coating procedures [8] . More recently researchers exploited the interference of the fundamental mode with a cladding mode by use of a pair of long period gratings (LPGs) or a combination of a LPG with a non-adiabatic fiber taper or an offset splice [9] [10] [11] [12] [13] [14] . These works include in-fiber interferometers in conventional single mode fibers (SMFs) [10, 12] and indexguiding photonic crystal fibers (PCFs) [9, 11, 13, 14] , and have been applied for applications such as strain, temperature or refractive index measurement. However, the fringe contrast of these core/cladding mode interferometers decreases quickly with increase of the device length due to the relatively large (and surrounding dependent) loss of the cladding modes, which limit the device to short length.
We have recently demonstrated a core/surface mode in-fiber interferometer in a hollowcore photonic bandgap fiber (HC-PBF) by non-adiabatic tapering of a piece of HC-PBF [15] . The length of such a device is also limited due to the relatively larger loss experienced by the surface mode and the fringe contrast is relatively low because of the small fraction of power coupled into the surface mode.
In this paper, we report a novel in-fiber polarimeter by cascading two in-fiber polarizers made directly on a piece of HC-PBF. The fabrication of such polarizers made by partial collapsing/deforming of air-holes through the use of an automatically scanned pulsed CO 2 laser [16] and the process is straightforward and multiple in-fiber polarizers may be made directly on a single piece of HC-PBF. The two interfering beams are the two orthogonal polarizations of the fundamental mode in a HC-PBF and have much lower transmission losses as compared with cladding/surface modes, even when the fiber is subjected to tight bend [17, 18] . This will allow the development of in-fiber interferometers with basically arbitrary long device length. Unlike the conventional core-cladding interferometers that require the removal of coating of the fiber in the sensing region to avoid significant loss of the cladding modes, coating with basically any refractive index may be applied to the present in-fiber polarimeter without increasing the loss of the two interfering beams. The paper is organized as follows: the basic operating principle and the fabrication of the in-fiber polarimeters are outlined in Section 2, the use of the polarimeter for the measurement of wavelength-dependent group birefringence is described in Section 3, and the responses of the polarimeter to strain, temperature, and twist are presented in Section 4.
Operating principle and fabrication of PMI
The HC-PBF PMIs are based on a commercial HC-1550-02 PBF from Crystal-Fiber A/S. The Scanning Electron Microscope (SEM) micrograph of the fiber cross-section is shown in Fig.1(c) . The hollow-core has a diameter of ~10.9µm and is surrounded by a holey lattice with an average pitch value of 3.8µm. The holey cladding region has a diameter of 70µm and is surrounded by a ring of solid silica. The total diameter of the fiber is about 120µm. The thickness of the silica bridges between cladding-holes is about 0.34µm, and the air-filling fraction of holey cladding region is above 90%.
As have been shown previously, HC-PBFs have considerable residual birefringence due to the imperfect non-centro-symmetry resulted from the fiber fabrication process [19, 20] . The birefringence existing in the HC-1550-2 PCF results in accumulated phase difference between the two orthogonal polarization modes when they propagate along the PBF, and this is the basis for the stable operation of the in-fiber PMI. Figure 1 (a) is a schematic of a PMI comprising of two in-fiber polarizers fabricated along a commercial HC-1550-02 PBF. Figures 1(b) and 1(d) shows the side view and cross section, respectively, of a typical in-fiber HC-PBF polarizer. The incoming light, which is linearly polarized by the first in-fiber polarizer, excites two orthogonal polarization modes that propagate through physical length L along the HC-PBF and recombine at the second polarizer. It should be emphasized that the principal axis of the polarizers are not be along the birefringence axes of the PBF. Assume that the directions of two polarizers are in parallel and are ideally 45°aligned to the birefringence axes of the HC-PBF, the output from the second polarizer may be expressed as
where 0 I is a constant depending on the source light intensity. p I is PMI output intensity. An in-fiber HC-PBF PMI can be fabricated by a two-step process: polarizer 1 on the left as shown in Fig.1(a) is firstly fabricated by following a procedure as described in [16] ; polarizer 2 is then fabricated with the same CO2 laser setup but with a different on-line spectrum monitoring system as shown in Fig.2 . Instead of monitoring the evolution of polarization-dependent loss (PDL) as in [16] , the wavelength-domain interference fringes are monitored during the PMI fabrication process by use of an optical spectrum analyzer (OSA, Aglient 86140B) in combination with a broadband SLED light source. Fig.3 shows an example of recorded transmission spectrum for a PMI with L=531mm, clearly showing the wavelength domain fringes of the PMI.
As illustrated in Fig.3 , the contrast of interference fringes grows with the number of repeated CO 2 -laser-scanning cycles. The scanning cycle is a parameter defined in [16, 21] and it refers to a complete scanning process of the CO 2 laser across a section of HC-PBF (the length of the CO 2 laser treated region as shown in Fig. 1(b) . Repeated scanning across the same section of fiber increases the degree of air-hole collapse and improves the extinction ratio of the polarizer being fabricated. There are fringes with contrast around 0.8dB even before the second polarizer is being fabricated, indicating that there are residual polarization mode coupling or mixing occurring after the first polarizer. After 15 scanning cycles, the fringe contrast increased to above 8 dB over the wavelength range from 1550 to 1650 nm. After 40 scanning cycles, the fringe contrast is about 20 dB or more for wavelength beyond 1550nm. 
Measurement of group birefringence of HC-PBF
The wavelength domain fringes as shown in Fig.3 can be used to determine group birefringence of the HC-PBF as function of wavelength [22] [23] [24] . It's well known that the wavelength spacing λ ∆ between two adjacent fringe peaks or dips may be related, to a first order approximation, to fiber group birefringence g B by
In fact, the relationship between absolute value of g B and optical wavelength λ , may be calculated directly from Fig.3 by using Short-Time Fourier Transform [25] . The results are shown in Fig.4 Fig.4(b) . The two curves agree well with each other except for wavelength below 1540nm. The discrepancy may be explained as follows: as shown in Fig.3 , the oscillatory fringes from 1500 to 1540nm are highly irregular, and the fringe oscillation from 1520 to 1540nm is obviously much slower and this causes the number of fringes over the wavelength window, which was used for our Fourier Transform calculation, much less than one, and hence results in larger calculation error. The accuracy is expected to improve if the PMI has a longer length, which gives more number of fingers over the wavelength window, is used. As shown in inset of Fig.4(b) , the group birefringence in this shorter wavelength range have a minimum indeed, which is agree well with the previous report [19] . As reported previously in [24] , the phase birefringence of the PBF may be very low and go through the zero at the shorter wavelength edge of bandgap, and this would cause self-coupling between two polarization modes and result in error or even invalidate the present method for group birefringence. Nevertheless, the good agreement in the longer wavelength side confirms that the PMI technique can be used for group birefringence or DGD measurement of HC-PBFs. The experimental results also verify that HC-1550-2 PBF has a considerable amount of residual group birefringence. The results also further verify that the fringes shown in Fig.3 are the result of interference between the two polarization states of the fundamental mode. 
Response of PMI to strain, temperature, and twist
The responses of the PMI to strain, temperature and twist are experimentally studied and the results are shown in Figs.5-10. In the temperature measurement, the transmission spectrum of PMI is monitored when temperature surrounding the HC-PBF is varied from 20 to 100℃ by use of a digitally controlled oven. The comb-like spectrum red-shifts with increasing temperature is shown in Fig.5(a) and the relationship between the dip wavelength around 1624nm and temperature is shown in Fig.5(b) , corresponding to a temperature coefficient of ~ 5pm/℃ for a 230mm-length PMI. It should be mentioned that the temperature sensitivity is inversely proportional to device length and, for a PMI with 50mm length, the sensitivity is ~ 0.86pm/℃. This value is ~1000 times smaller than the sagnac interferometer with polarization maintaining side-hole fiber [26] , ~100 times lower than the in-fiber modal interferometer based on conventional SMF [10, 12, 27, 28] , ~ 10 times smaller than a typical fiber Bragg grating (FBG) sensor [5] and in-fiber Mach-Zehnder interferometer based on a pair of longperiod gratings on photonic crystal fibers [14] , and even lower than sophisticated sensor structures reported in [29] for temperature insensitivity. The temperature responses of the dips at three different wavelengths of the 230mm-length PMI are shown in Fig.6(a) , while the relative wavelength shifts of the dips with temperature are shown in Fig.6(b) . The temperature coefficient of the dip at the 1627.5nm is ~6.2pm/℃, almost twice that of the dip at the 1602.1nm. From the Fig.6(b) , it can be found that the temperature sensitivity of different dips is obviously not the same and the dip at longer wavelength is more sensitive to temperature change than those at shorter wavelengths. The response of the PMI to longitudinal strain is investigated by monitoring the shifts of comb-like peaks or dips by use of an OSA. Contrary to the temperature response, the interference dips move toward shorter wavelength (blue-shift) as longitudinal strain increases. Fig.7(a) shows the shift of the fringe dip around 1626.9nm for a PMI with device length of 531mm. The dip wavelength decreases linearly with applied strain with a coefficient of about 0.6pm/µε, as shown in Fig. 7(b) . This value is comparable and slightly smaller than FBG sensors [5] and ~10 times smaller than other in-fiber photonic crystal fiber interferometric devices [14] and Sagnac interferometer based on polarization maintaining fiber [26] . For comparison, the strain responses of the three dips at 1630.1nm, 1626.9nm and 1623.4nm are shown in Fig.8 . Different fringes have slightly different sensitivity to longitudinal stain, and the dips at shorter wavelengths generally have slightly higher strain sensitivity. This phenomena is opposite to that of the device reported in [26] , in which the peak at longer wavelength is more sensitive to strain. One of the unique features of the in-fiber PMI is its response to torsion. Fig.9(a) shows the experimental setup we used for torsion measurement. During experiment, one end of the PMI (the first polarizer) is fixed to a stationary stage, and the other end (the second polarizer) is fixed to the center of a rotatable disc that can be turned to apply twist to the PMI. An 8g mass is attached to the fiber to keep the device straight. A SLED source and OSA are used to measure the transmission spectrum as the PMI is twisted. The device length of the PMI is 147mm. Firstly, the PMI is twisted clockwise by a total angle of 135℃, corresponding to a twist rate of ~16 rad/m. The PMI is then loosened gradually step by step for more measurement points to be taken. The same procedure is repeated anticlockwise. As shown in Fig. 9(b) , the dip wavelength around 1628nm changes linearly with the applied twist rate in the region of ±16rad/m. The dip wavelength shifts towards shorter wavelength as the PMI is twisted clockwise, whereas it shiftes toward longer wavelengths as the PMI is twisted anticlockwise. The twist sensitivity is ~70 pm/(rad/m) with good repeatability. This value is bigger than the long-period fiber gratings induced by CO 2 laser pulses [30] , ~10 times smaller than the corrugated long-period fiber gratings [31] , and ~100 times smaller than the Sagnac interferometer based on polarization maintaining fiber [26] . Further more, the determinations of twist direction were not discussed in [26, 31] . In Fig. 10 , the responses of four dips at different wavelengths to twist rate are compared. From Fig.10 (b) , it is obvious that the dips at shorter wavelengths have higher sensitivity to twist rate. The sensitivity of the dip at the 1617.4nm, is ~110pm/(rad/m), approximately 2.5 times larger than that of the dip at 1646.2nm. 
Conclusion
The interference between the two orthogonal polarization components of fundamental mode in a HC-PBF is realized by fabricating two in-fiber polarizers along a single PBF by use of a pulsed CO 2 laser. The response of such made in-fiber polarimeters to strain, temperature and twist is experimentally studied. The interference fringe dip wavelength is found to shifts toward short wavelength with increasing longitudinal strain and has a strain sensitivity of about 0.6pm/µε. The dip wavelength has much smaller temperature sensitivity (about 0.86pm/ ℃ for a polarimeter of 50mm in length) compared with those previous in-fiber modal interferometers, indicating the device may be used as temperature insensitive strain sensors and comb-filters. A particular application of the PMI is for torsion measurement in which the direction and rate of the applied twist may be determined at the same time. Because of the very low loss of the fundamental mode as compared with cladding modes in index guiding fibers, the in-fiber PMI can be design to have either short or long device length, and hence allow for wider range of applications.
